Introduction
Knowledge of the magnitude and frequency of floods is required for the safe and economical design of highway bridges, culverts, dams, levees and other structures on or near streams. Flood plain management programs and flood-insurance rates also are based on flood magnitude and frequency information.
The flood peaks for many areas of Oklahoma are regulated by U.S. Department of Agriculture, Natural Resources Conservation Service (NRCS) floodwater retarding structures. Currently about 2,100 floodwater retarding structures are present in more than 120 drainage basins in Oklahoma. Eventually about 2,500 floodwater retarding structures will regulate flood peaks from about 8,500 mi 2 , or about 12-percent of the state, upon completion of the present (1997) NRCS watershed protection and flood prevention program (G. W. Utley, Natural Resources Conservation Service, written commun., 1997). Floodwater retarding structures are designed to decrease main-stem flood peaks and regulate the runoff recession of single storm events (Bergman and Huntzinger, 1981) . Consideration of the flood peak modification capability of floodwater retarding structures can result in more hydraulically efficient, cost-effective culvert or bridge designs along downstream segments of streams regulated by floodwater retarding structures.
The U.S. Geological Survey (USGS), in cooperation with the Oklahoma Department of Transportation conducted a study to update regression equations for estimating the peak-streamflow frequency of floods for Oklahoma streams with a drainage area less than 2,510 mi 2 (Tortorelli and Bergman, 1985) .
Purpose and Scope
The purpose of this report is to present techniques for estimating the peak discharge and flood frequency (peak-streamflow frequency) for selected recurrence intervals from 2 to 500 years for ungaged sites on natural unregulated streams with drainage areas less than 2,510 mi 2 in Oklahoma. This report also provides techniques for estimating peak-streamflow frequency estimates for gaged sites on natural unregulated streams and using this result to estimate nearby ungaged sites on the same stream. Lastly, this report provides procedures to adjust estimates for ungaged urban basins and basins regulated by floodwater retarding structures.
Flood-discharge records through the 1995 water year at 251 streamflow-gaging stations located throughout Oklahoma and bordering parts of Arkansas, Kansas, Missouri, New Mexico, and Texas were used to develop the statewide peak-streamflow frequency estimation techniques. Estimates of peakstreamflow frequency from the 251 stations were related to basin and climatic characteristics using multiple-linear regression. The regression equations derived from these analyses provide simple and reliable methods to estimate the flood frequency of natural streams.
Techniques for estimating peak-streamflow frequency for unregulated streams and streams regulated by small floodwater retarding structures in Oklahoma
These analyses are limited to peak flows and do not consider the shape or volume of the flood hydrograph. This report provides techniques to estimate flood discharges for streams with drainage areas smaller than 2,510 mi 2 . Sauer's report (1974a), and Heiman and Tortorelli's report (1988) may be used to estimate flood frequency for streams with larger drainage areas. The Oklahoma generalized skew map (Tortorelli and Bergman, 1985) , an important element in the development of the peak-streamflow frequencies of the 251 stations, has not been updated for the current study; consult that report to obtain information on the map development. The analysis for peakstreamflow frequency adjustment for urban conditions in Oklahoma is contained in Sauer's report (1974b) . Nationwide urban adjustment equations are presented in Jennings and others (1994) and are not presented in this report. The analysis for the adjustment for ungaged sites on streams regulated by small floodwater retarding structures is contained in Tortorelli and Bergman (1985) .
This report is intended to supersede the report by Tortorelli and Bergman (1985) to estimate flood discharges for natural Oklahoma streams with a drainage area less than 2,510 mi 2 because: (l) it includes 15 years of additional annual peak data and the records from many additional gaging-stations, thus including major peak flows recorded during water years 1981, 1983, 1987, 1990, 1993 , and 1995; (2) it uses a skew map developed specifically for Oklahoma in the station flood-frequency analysis; (3) it is based on annual peak data that were edited to remove all data from sites under the influence of regulation from floodwater retarding structures; (4) the climatic parameter mean-annual precipitation is based on an updated period 1961-90; and (5) a forward stepwise weighted least-squares regression procedure was used, which is more accurate than the ordinary least-squares procedure. Weight factors used in these analyses are based on the years of record of streamflow data at sites used in this study, with an adjustment for length of historical record.
General Description and Effects of Floodwater Retarding Structures
This report includes an adjustment for the effects of small structures on peak flow. These structures are floodwater retarding structures built by the NRCS and used in their watershed protection and flood prevention program.
A typical floodwater retarding structure consists of an earthen dam, a valved drain pipe, a drop inlet principal spillway, and an open-channel earthen emergency spillway (Moore, 1969) . The principal spillway is ungated and automatically limits the rate at which water can flow from the reservoir. Most of the structures built in Oklahoma have release rates of 10 to 15 (ft 3 /s)/mi 2 . The space in the reservoir between the elevation of the principal spillway crest and the emergency spillway crest is used for floodwater detention. Structures are designed so that the emergency spillway does not operate on an average of more than once in 25 years to once in 100 years.
Most floodwater retarding structures in Oklahoma are designed to draw down the floodwater-retarding pool in 10 days or less (R. C. Riley, Natural Resources Conservation Service, written commun., 1984). The 10-day drawdown requirement serves two purposes. First, most vegetation in the floodwaterretarding pool will survive up to 10 days of inundation without destroying the viability of the stand. Secondly, a 10-day drawdown period will significantly reduce the effect from repetitive storms.
These dams are small to medium size, with embankment heights ranging generally from 20 to 60 ft and their drainage areas ranging generally from 1 to 20 mi 2 (Moore, 1969) . Their storage capacity is limited to 12,500 acre-ft for floodwater detention and 25,000 acre-ft total for combined uses, including recreation, municipal and industrial water, and others.
Emergency spillway design, including storage above the emergency crest and capacity of the emergency spillway, varies depending upon watershed location and size of the floodwater retarding structure. Design details may be found in the NRCS National Engineering Handbook, Section 4 (U.S. Soil Conservation Service, 1972) .
The main effect of a system of upstream floodwater retarding structures on a watershed streamflow hydrograph at a point downstream from the floodwater retarding structures is that flood peak discharge is reduced and this reduction is related to the percentage of the basin that is regulated (Coskun and Moore, 1969; DeCoursey, 1975; Hartman and others, 1967; Moore, 1969; Schoof and others, 1980) . The slope of the recession segment of the hydrograph will decrease as the number of floodwater retarding structures where the principal spillways are flowing increases.
Several factors significantly influence the effectiveness of the floodwater retarding structures in reducing peak flow on the main stem downstream from the floodwater retarding structures (Coskun and Moore, 1969; Hartman and others, 1967; Moore, 1969; Schoof and others, 1980) . Those factors include rainfall distribution over the watershed, contents of the reservoirs before the storm, and distribution of floodwater retarding structures in the watershed. For example, rainfall occurring only on the basin area controlled by floodwater retarding structures will generally result in greater peak reduction. If the structures are empty before the storm, they are more effective in reducing the flood peak. Structures located in the upper end of an elongated basin are less effective than those in a fan shaped watershed.
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Estimation of Peak-Streamflow Frequency for Gaged Sites on Natural Unregulated Streams
This section describes the data utilized and the procedures applied in the computation of station peak-streamflow frequency relations at gaged natural unregulated sites.
The curvilinear relation between flood peak magnitude to annual exceedance probability, or recurrence interval, is commonly referred to as a peak-streamflow frequency curve. Annual exceedance probability is the probability of a given flood magnitude being equaled or exceeded in any one year. Recurrence interval is the reciprocal of the annual exceedance probability, and represents the average number of years between exceedances. For instance, a flood having an annual exceedance probability of 0.01 has a recurrence interval of 100 years. This does not imply that the 100-year flood will be equaled or exceeded each 100 years, but that it will be equaled or exceeded on the average of once every 100 years (Thomas and Corley, 1977) . In fact, it might be exceeded in successive years, or more than once in the same year. The probability of this happening is called risk. The procedures for making risk estimates are given by the Interagency Advisory Committee on Water Data (IACWD) (1982) .
The IACWD provides a standard procedure for peakstreamflow frequency estimation that involves a standard frequency distribution, the log-Pearson Type III (LPIII) distribution. The LPIII distribution uses systematically collected and historical peak-streamflow values to define its frequency distribution. The curvature in the shape of the distribution is defined by a skew coefficient that is used in the estimation procedure.
Because of variation in the climatic and physiographic characteristics in Oklahoma and the bordering areas, the LPIII distribution does not always adequately define a suitable distribution of peak-streamflow values. An inappropriate fit of the LPIII distribution to the distribution of peak-streamflow data, the distribution of the data is defined by Weibull plotting positions (Chow and others, 1988), can produce erroneous values for peak-streamflow frequency. Therefore, for the estimation of peak-streamflow frequency for the stations used in this study, historical flood information (where available), low-outlier thresholds, and skew coefficients were all considered following IACWD guidelines. Peak-streamflow frequency estimates of the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year floods and the LPIII analysis information for these estimates are given for each station used in this study in table 1 (in back of report).
The following sections discuss which station data were used in the estimation of peak-streamflow frequency for natural streams and the use of historical flood information, estimation of low-outlier thresholds, and use of skew coefficients in these peak-streamflow frequency estimations for the stations in Oklahoma and the bordering areas.
Annual Peak Data
The first step in peak-streamflow frequency (or flood frequency) analysis is to collate and review all pertinent annual peak discharge data. Oklahoma stations and stations in the bordering states of Arkansas, Kansas, Missouri, New Mexico, and Texas in the Arkansas-Red River basins were reviewed. This was done to eliminate discrepancies across state lines (or the "state-line fault") and to account for data in the immediate bordering areas of a state with similar hydrology.
The station flood-frequency analysis for natural unregulated streams of less than 2,510 mi 2 drainage area presented in this report is based on annual peak flow data systematically collected at 251 gaging stations. The data were collected based on a water year, October 1 through September 30. The data were collected through September 30, 1995, for stations used in this study. The locations of these gaging stations are shown in figure 1. In this analysis, only those stations with at least 8 years of flood peak data were used in the analysis. Asquith and Slade (1997) also utilized much of this data to expand the station data analyzed. The IACWD recommends at least 10 years of data (IACWD, 1982) ; therefore, these data were carefully reviewed and only 9 stations with less than 10 years of data were retained. All station data are free of significant effects from regulation by major dams or floodwater retarding structures and other manmade modification of streamflow. Significant regulation by dams or floodwater retarding structures is defined as 20 percent or more of the contributing drainage basin regulated (Heimann and Tortorelli, 1988) . A summary of drainage area distribution and average observed length of record per station for those stations used in the regression analysis is given in table 2.
Historical Peak Streamflows
In addition to the collection of peak-streamflow data in Oklahoma, the USGS routinely collects, through newspaper accounts and interviews with local residents, information about historical peak streamflows and historical peak stages, so historical peak elevations above mean sea level can be determined. A historical peak streamflow is the highest peak streamflow since a known date preceding the installation of the station; historical peak streamflow can occur either before or after installation of a station. Historical information is critical for evaluating peak-streamflow frequency estimates for the larger recurrence intervals. Many historical peak streamflows are associated with catastrophic storms. These large storms can cause some flood peaks to exceed those that can be estimated accurately by analyses of available precipitation or annual peak-streamflow data alone. Therefore, the next step in peak-streamflow frequency analyses is to include historical data where available.
Historical peak-streamflow data are available for about 30 percent of the 251 Oklahoma and border-state stations included in this study; historical peak-stage data also are available for many stations. The mean historical record length is 52 years, and about 6 percent of the 251 stations have historical record
Techniques for estimating peak-streamflow frequency for unregulated streams and streams regulated by small floodwater retarding structures in Oklahoma lengths equal to or exceeding 80 years. Inclusion of historical peak streamflow in frequency estimations is done by the specification of a high-outlier threshold and a historical record length. The historical record length, high-outlier threshold, and number of high outliers (historical peak discharges) for some of the 251 stations are listed in table 1. Special consideration of historical information was done for a small number of stations as indicated by the footnotes in table 1. These considerations were necessary to produce more reliable peak-streamflow frequency analyses for these stations. For many of these stations (generally those with short periods of record), one of the systematic peak discharges is considerably larger than the other peak discharges; that peak is historically significant. Although no official documentation of the historical significance of that peak discharge is available, a historical perspective was developed through consideration of flood information from pertinent nearby stations. For the remaining stations, the footnotes document the historical adjustments used to produce a better fit of the LPIII distribution to the peak-streamflow data.
Low-Outlier Thresholds
The next step in peak-streamflow frequency analyses is to determine low outlier thresholds. The climatic and physiographic characteristics of Oklahoma occasionally produce extremely small annual peak-streamflow values (low outliers). Typically, low outliers are identified by visually fitting the LPIII distribution curve to the distribution of the peak-streamflow data. The presence of low outliers in the data can substantially affect the distribution curve; therefore, the fit of the LPIII distribution to the data should be adjusted to account for the presence of low outliers. All peak-streamflow values (including zero) below the threshold are excluded from the fitting of the LPIII distribution.
The IACWD guidelines provide a procedure for low-outlier threshold selection; however, the IACWD procedure for low-outlier threshold estimation may not produce appropriate low-outlier thresholds for stations with natural basins. Therefore, the preliminary LPIII distribution for each station was then visually inspected and some stations were assigned a low-outlier threshold based on that inspection. The low-outlier thresholds for appropriate stations are listed in table 1.
Skew Coefficients
Determining skew coefficients is the next step in peakstreamflow frequency analyses. The skew coefficient is difficult to estimate reliably for stations with short periods of record. Therefore, the IACWD recommends applying a weighted skew coefficient to the LPIII distribution. This skew coefficient is calculated by weighting the skew coefficient computed from the peak-streamflow data at the station (station skew) and a generalized skew coefficient representative of the surrounding area. The weighted skew coefficient is based on the inverse of the respective mean square errors for each of the two skew coefficients.
The IACWD guidelines recommend three types of skew coefficients be used with peak-streamflow frequency estimation. These coefficients are (1) the station skew coefficient calculated from only the systematic record with appropriate adjustments for high and low outliers, if applicable; (2) the
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generalized skew coefficient from the IACWD or locally developed generalized skew map (Interagency Advisory Committee on Water Data, 1982); and (3) the weighted skew coefficient, calculated using the IACWD generalized skew or locally developed generalized skew and station skew coefficients.
A study of generalized skew coefficients was done for Oklahoma (Tortorelli and Bergman, 1985) that used adjusted station skew coefficients from stations with at least 20 years of peak-streamflow data and drainage basins greater than 10 mi 2 and less than 2,510 mi 2 with streamflow data through 1980. The Tortorelli and Bergman (1985) study updates the generalized skew coefficients recommended by the IACWD (based on data through 1973). The stations used to develop the Oklahoma generalized skew map are noted in table 1 with footnote 9. Updating this generalized skew map was not part of this project; however, a check of the standard error of the generalized skew using the stations used to develop the generalized skew map and updated streamflow records through 1995, indicated the standard error value of 0.33 was still valid. That value was used to weight the station and generalized skews. The map presented herein, is slightly modified from Tortorelli and Bergman (1985) to resolve a mapping error in the northwest part of the area while retaining the same distribution of values ( fig. 2) . The generalized skew values for all stations were obtained by using a data set grid based on this map and rounding to the nearest 0.05.
The weighted skew coefficient generally is preferred for peak-streamflow frequency estimations. The station skew and weighted skew are listed in table 1 for each station. Weighted skew coefficients (station skews weighted with generalized skews from Tortorelli and Bergman (1985)) were used for all stations used in this study.
Regression Equations for Estimation of Peak-Streamflow Frequency for Ungaged Sites on Natural Unregulated Streams
This section describes the data utilized and the procedures applied in analyzing the peak-streamflow data. The technical details of the analyses are described including the regression analysis of the station peak-streamflow frequency at gaged sites on natural unregulated streams, and the testing of assumptions and applicability of the regression analysis. Limitations on the use of the regression equations and the reliability of regression estimates for natural unregulated streams are discussed.
Regression Analysis
Estimates of flood magnitude and frequency commonly are needed at ungaged sites. Therefore, it is necessary to transfer flood frequency data from gaged sites on natural unregulated streams to ungaged sites. This can be achieved by defining regression equations that relate peak discharges of selected frequencies to basin or climatic characteristics measured from maps or taken from readily available reports (Thomas and Corley, 1977).
Multiple-linear regression analysis was used to establish the statistical relations between one dependent and one or more independent variables. The 2-, 5-, 10-, 25-, 50-, 100-and 500-year peak discharges, respectively, were used as dependent variables, and the selected basin and climatic characteristics were used as independent variables. Logarithmic transformations of the dependent and independent variables were used to increase the linearity between the dependent and independent variables.
A forward stepwise weighted least-squares (WLS) regression procedure was used for the development of the equations to estimate peak-streamflow frequency for ungaged stream sites in natural basins. The WLS regression procedure has been shown to be more accurate than the ordinary least squares regression for predicting hydrologic statistics (Stedinger and Tasker, 1985) . In WLS regression, each data point can be given a weight different from the others; these weights generally are representative of the relative accuracy of each value for the dependent variable; greater weights are assigned to values that have greater accuracy (Helsel and Hirsch, 1992) .
Weights used in the analyses are based on the years of record of streamflow data at sites used in this study, with an adjustment for length of historical record. Empirical equations (G. D. Tasker, U. S. Geological Survey, written commun., 1994) based on Monte Carlo simulations (Tasker and Thomas, 1978; Stedinger and Cohn, 1986) were used to calculate a weight factor, which represents an equivalent "years of record" for each station with historical information. This weight factor is based on the length of systematic record, length of historical record, and number of high outliers; the weight factors in table 1 were used as the weights for the WLS regression procedure.
In forward stepwise regression, the independent variable having the highest mathematical correlation to the dependent variable is entered into the equation, and successively, the remaining independent variables are tested for their statistical significance to the dependent variable. Each independent variable that tests as statistically significant (F ratio > 1.5) is entered into the equation. Thus, each independent variable (a basin or climatic characteristic) in the final equation is considered statistically significant, and its inclusion contributes to the explanation of the variance in the dependent variable (the peak discharge).
Selected Basin and Climatic Characteristics
A variety of parameters were investigated in the multiple regression analysis to find the most suitable relations to estimate flood peak discharges. The parameters investigated as possible predictors of flood discharge are shown in 
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tions are the updated point and area-weighted values for meanannual precipitation, which are explained below. The shape factor is a dimensionless parameter computed as (LENGTH) 2 /A (table 3) . The values for the basin and climatic characteristics of the sites used in this study are listed in table 1.
The climatic parameter of mean-annual precipitation proved to be very significant as a predictor parameter in past analyses (Sauer, 1974a; Thomas and Corley, 1977; Tortorelli and Bergman, 1985) ; therefore, an updated data set was utilized. A nationwide data set grid based on the period 1961-90 was obtained from Oregon State University (Daly and others, 1994). The cell size is 2.5 minutes of latitude and longitude (about 3X3 mi in Oklahoma). A map of mean-annual precipitation drawn from these data is presented in figure 3 . These data enabled the testing of both a point (at the gage site) and an areaweighted value for mean-annual precipitation.
A geographic information system (GIS) was used in conjunction with a Digital Elevation Model of Oklahoma (DEM) (Cederstrand and Rea, 1995) to define drainage basin areas in Oklahoma and parts of Arkansas, Kansas, and Texas. In the bordering areas of Arkansas, Kansas, Missouri, and Texas not covered by the DEM, the drainage areas were manually delineated on the GIS using the stream network. These drainage areas were used in conjunction with the mean-annual precipitation data grid to compute area-weighted mean-annual precipitation. Sites with drainage areas less than 0.1 mi 2 were not used because they exerted a disproportionate amount of leverage on the regression analysis.
Models Investigated
It was decided to investigate 100-year statewide twoparameter and three-parameter models and three-parameter models with divided data sets. The 100-year equation was used as the comparison because it is the frequency of most interest. The increase in accuracy achieved beyond three parameters was found to be so small that this was the limit set on number of predictor parameters.
The two-parameter statewide models used contributing drainage area and another parameter (table 3) in order of decreasing accuracy (percent error):
1. A and AWP 2. A and P 3. A and LNG GAGE These two-parameter models had very similar accuracy. The area-weighted mean-annual precipitation had the best accuracy by less than 1 percent compared to point mean-annual precipitation and by less than 1.5 percent compared to longitude.
Longitude was used instead of a climatic characteristic to test the theory proposed by Asquith and Slade (1997). They proposed that the inclusion of climatic characteristics into an equation often causes other basin characteristics to be excluded. Their inclusion might produce more statistically "robust" equations (any significant variables are present in the equation), but the equation consequently can produce less reliable peakstreamflow frequency estimates (the robust equation does not produce intuitively appropriate peak discharges) (Asquith and Slade, 1997).
For example, two nearby watersheds, having similar contributing drainage areas, will have similar climatic characteristics because of the proximity of the watersheds. Therefore, equations including the drainage area (drainage area generally is the most predictive basin characteristic of flood peaks) and one of the climatic characteristics will indicate similar peak discharges for each station. However, if the basin shape factor and stream slope are different, the flood characteristics of the two 13 stations could be expected to be dissimilar (Asquith and Slade, 1997).
However, any basin characteristic that uses channel length, such as shape factor and main-channel slope, must be used with caution. Measurement of sinuous stream channel lengths on topographic maps can be problematic because the length measured is highly dependent on the scale and amount of generalization of the maps used. For example, the length of a particular reach of stream channel (expressed in ground distance) measured on a 1:250,000-scale map would be shorter than that measured on a 1:100,000-scale map, which would be shorter than that measured on a 1:24,000-scale map. This is because the maps show progressively more detail and sinuosity in the stream channel (A.H. Rea, U.S. Geological Survey, written commun.,1997).
Fletcher and others (1977) and McDermott and Pilgrim (1982) found that these differences in stream length due to map scale were significant in design flood estimation. Both studies found it necessary to include a conversion factor to account for scale dependencies in stream length. USGS topographic maps for large areas (such as Oklahoma) are likely to have been produced over a long time period, under different mapping standards. This can result in considerable variability in density and detail in the streams represented, even on maps of the same scale (A.H. Rea, U.S. Geological Survey, written commun., 1997).
Mandelbrot (1983) hypothesized that area measurements (such as contributing drainage area, the main predictor parameter) do not exhibit such scale dependency. The increasing detail in delineating the boundary tends to both include and exclude areas. The included areas tend to balance with the excluded areas, leaving the total area approximately the same. Hjelmfelt (1988) measured basin areas on maps of three scales for eight basins in Missouri, and concluded that basin area was not influenced by map scale (A.H. Rea, U.S. Geological Survey, written commun., 1997).
The three-parameter statewide models used contributing drainage area, main-channel slope, and another parameter (table 3) in order of decreasing accuracy (percent error):
1. A, S, and AWP 2. A, S, and P 3. A, S, and LNG GAGE These three-parameter models had very similar accuracy. The area-weighted mean-annual precipitation had the best accuracy by less than 1 percent compared to point mean-annual precipitation and by less than 1.5 percent compared to longitude. Shape factor was added to evaluate a four-parameter step-wise regression in each model, but it was the fourth parameter added and did not improve the accuracy.
One of the three-parameter statewide models investigated in greater detail used contributing drainage area, main-channel slope, and point mean-annual precipitation and divided data sets. This model was tested by dividing the data set as follows:
1. Oklahoma gages only.
2. Dividing the data set into Arkansas and Red River basins.
3. Dividing the data set into drainage areas equal to or less than 32 mi 2 and greater than 32 mi 2 .
The first two models had accuracy very similar to the three-parameter model with all the data. The third model indicates some improvement on the greater-than-32-mi 2 subset and poorer accuracy on the equal-to-or-less-than-32-mi 2 subset. After discussing the comparisons of the models investigated with the cooperator, it was decided to use the threeparameter statewide models using contributing drainage area, main-channel slope, and point mean-annual precipitation. The use of the three-parameter model with area-weighted meanannual precipitation, or any model with the split of the data set, models 2 and 3 above, (thus doubling the number of required equations) complicates the use of the equations for little or no gain in accuracy. The use of the three-parameter statewide model with Oklahoma data only was not used as it is desirable to include the bordering areas to enhance the prediction capability of the model and preclude discrepancies across state lines.
Tortorelli and Bergman (1985) performed a correlation analysis of possible predictor parameters and provided some insight as to why the two parameters, contributing drainage area and point mean-annual precipitation, are good predictor parameters. The drainage area is highly correlated with stream length in Oklahoma. The mean-annual precipitation is highly correlated with mean basin elevation, forested area, longitude of stream-gaging station and precipitation intensity.
Regression Equations
Multiple-linear regression techniques were used to relate station peak-discharge estimates of the 2-, 5-, 10-, 25-, 50-, 100-, and 500-year floods (table 1) to basin and climatic parameters. Drainage area, main-channel slope, and mean-annual precipitation were the most significant parameters for estimating flood peaks for ungaged natural sites. The three parameters used in the regression equations are listed in table 1 for each station used in the analysis and are (table 3): 1. Drainage area, (A) -the contributing drainage area of the basin, in mi 2 .
2. Main-channel slope, (S) -the main-channel slope, measured at the points that are 10 percent and 85 percent of the main-channel length between the study site and the drainage divide, in ft/mi.
3. Mean-annual precipitation, (P) -the point meanannual precipitation at the study site, from the period 1961-90, in in. (fig. 3 ).
The model used in the regression analysis has the following form:
log Q x(r) = log a + b log A + c log S + d log P
(1)
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where Q x(r) = regression estimate of peak discharge for ungaged sites on natural unregulated streams, for recurrence interval x, in ft 3 /s, a = regression constant, b, c, and d = regression coefficients, and A, S, and P = basin and climatic parameters as defined above.
The following equations were computed for natural unregulated streams from the results of the WLS regression analysis: 
The above equations are based on inch-pound units of measurements. Substitution of metric values for A, S, and P will not provide correct answers. To convert the final answers of discharge from ft 3 /s to the metric equivalent of m 3 /s, multiply by 0.02832.
To estimate peak discharges for ungaged sites on natural unregulated streams, the first step is to determine the drainage area and main-channel slope from the best available maps, field survey, or digital data (Cederstrand and Rea, 1995). The next step is to determine the point mean-annual precipitation at the study site from figure 3 or digital data (Daly and others, 1994). Then the data are entered in the regression equations 2-8 to obtain the regression estimate of the peak discharge, Q x(r) . Application of equations 2-8 is illustrated in the section "Application of Techniques."
Assumptions and Applicability of Regression Equations
Plots of the log-residuals, the differences between the logobserved and log-predicted values of the dependent value in the regression, were used to check the linearity of the regression equations (Thomas and Corley, 1977). The log-residual is the base-10 logarithm (log) of the station peak discharge value, for recurrence interval x, from table 1 (Q x(s) ) minus the log of the regression equation peak discharge value, for recurrence interval x (Q x(r) ). Log-residuals of the flood peak discharge for the 100-year frequency were plotted against log-contributing drainage areas, log-main-channel slopes, log-point mean-annual precipitations, log-longitudes and log-latitudes. These plots indicated no apparent trend for the log-residuals throughout the range of variables used in the analysis. Therefore, the hypothesis of linearity of the regression equations was accepted.
The regression equations were checked for a possible regionalization effect, or that a positive or negative bias in the log-residuals exists according to geographic regions. The logresiduals of the flood peak discharge for the 100-year frequency were plotted against log-latitudes after dividing the log-residual data set into four quadrants as follows:
These plots also did not indicate any apparent regional trends or differences. Therefore, equations 2-8 are considered applicable statewide for Oklahoma within the limitations given in the following section.
Accuracy and Limitations
Two measures of the accuracy of a regression peak-discharge estimate are the adjusted coefficient of determination (R 2 ) and the weighted standard error of estimate (weighted standard error). R 2 is the proportion of the variability in the dependent variable (station peak discharge, Q x(s) ) that is accounted for by the independent variables (the basin and climatic variables A, S, and P)-the larger the R 2 the better the fit of the model-with a value of 1.00 indicating that 100 percent of the variability in the dependent variable is accounted for by the independent variables. The R 2 of the regression equations for each recurrence interval are listed in table 4.
The weighted standard error is a measure of the portion of the variability in the dependent variable that is not accounted for by the independent variables-the smaller the weighted standard error the better the fit of the model-with a value of 0.0 indicating that all the variability in the dependent variable is accounted for by the independent variables. The difference between the regression estimate (Q x(r) ) and station peak discharge (Q x(s) ) for two-thirds of the estimates will be within plus or minus one weighted standard error expressed in log 10 units. The weighted standard errors of the regression equations 2-8 in log 10 units are listed in table 4. The weighted standard errors of the regression equations 2-8 in log 10 units can then be expressed in two ways-percent or equivalent years of record.
The accuracy in percent is the standard error of the estimate converted to a percent and is the accuracy to be expected, S. Geological Survey, written commun., 1980) related the standard error and streamflow variability to equivalent years of record. When converted to equivalent years of record, the standard error reflects the number of years of streamflow record that is needed at an ungaged site to provide an estimate equal in accuracy to the standard error of the regression equation. The accuracy of the regression equations 2-8 for natural unregulated streams, expressed as equivalent years, is summarized in table 4.
The statewide regression equations for natural unregulated streams are applicable for watersheds with drainage areas less than 2,510 mi 2 that are not significantly affected by regulation from manmade works. The equations are intended for use on natural streams in Oklahoma and should not be used outside the range of the predictor parameters used in the analysis:
Due to the small data set with drainage areas less than 1.0 mi 2 (table 2), caution should be exercised when predicting peak-streamflow frequency estimates for very small drainage areas.
Estimates from equations 2-8 can be adjusted to account for the effect of regulation from small floodwater retarding structures. The same cautions are applicable as with natural unregulated drainage basin peak-discharge estimates. The adjusted equations can be used when the percent of regulated drainage area is not greater than 86 percent of the basin, which is the upper limit of the range of regulated data used to check the validity of the adjustment (Tortorelli and Bergman, 1985) . The adjusted equations should be used only for those portions of a watershed regulated by NRCS-built floodwater retarding structures and are not applicable to any other type of floodwater retarding structures. The description of floodwater retarding structures is explained earlier in the report in the section "General description and effects of floodwater retarding structures." The adjusted equations are not meant to replace site-specific information when only one pond is present on the watershed immediately upstream of the point of interest. When the percent of regulated drainage area is greater than 86 percent of the basin, it is suggested that flow routing techniques, such as outlined in Chow and others (1988), be used.
Application of Techniques
This section briefly outlines the techniques to use the regression equations presented in this report for making a weighted peak-streamflow frequency estimate for gaged sites on natural unregulated streams with a drainage area of less than 2,510 mi 2 in Oklahoma, and using this result to make an estimate for a nearby ungaged site on the same stream. For ungaged sites on urban streams, an adjustment of the statewide regression equations for natural unregulated streams can be used to estimate peak-streamflow frequency. For ungaged sites on streams regulated by floodwater retarding structures, an adjustment of the statewide regression equations for natural unregulated streams can be used to estimate peak-streamflow frequency. The statewide regression equations are adjusted by 
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substituting the drainage area below the floodwater retarding structures, or drainage area that represents the percentage of the unregulated basin, in the contributing drainage area parameter to obtain peak-streamflow frequency estimates.
Weighted Peak-Streamflow Frequency Estimates for Gaged Sites on Natural Unregulated Streams
It is suggested that peak-streamflow frequency estimates for gaged sites on natural unregulated streams are combinations of station data and regression estimates. The estimates weighted by years of record are considered more reliable than either the regression or station data when making estimates of flood frequency relations at gaged sites (Sauer, 1974a; Thomas and Corley, 1977). The equivalent years of record concept is used to combine station estimates with regression estimates to obtain weighted estimates of peak flow at a gaged site.
The location of the gaging stations with unregulated periods of record used in the study are shown in fig. 1 . Use figure 1 to obtain the site number of the station of interest. For this site number, obtain the appropriate station peak-discharge value, flood discharge or Q x(s) , for recurrence interval x, from table 1. The stations that have unregulated periods of record, but are now regulated, are noted with footnote 10 in table 1. If the station of interest is still unregulated, then this peak discharge value is used with the regression estimate Q x(r) in a weighting procedure that is illustrated later in the report in the section "Examples of techniques."
This method was described by Sauer (1974a) and Thomas and Corley (1977) and is expressed in the following equation:
where Q x(w) = the weighted estimate of peak discharge, for recurrence interval x, in ft 3 /s, Q x(s) = the station estimate of peak discharge, for recurrence interval x (table 1), in ft 3 /s, Q x(r) = the regression estimate of peak discharge, for recurrence interval x (equations 2-8), in ft 3 /s, N = number of actual years record at the gaged site (table 1) , E = equivalent years of record for recurrence interval x (table 4).
Peak-Streamflow Frequency Estimates for Ungaged Sites Near Gaged Sites on Natural Unregulated Streams
The combined use of the regression equations and the station data can estimate the magnitude and frequency of floods for ungaged sites near gaging stations and on the same stream. The following procedure is suggested for use if the ungaged site has a drainage area within 50 percent of the drainage area of the gaging station. The ratio, R w , represents the correction needed to adjust the regression estimate, Q x(r) , to the weighted estimate, Q x(w) , at the gaged site:
where Q x(w) is the weighted estimate of peak discharge at the gaged site, for recurrence interval x (equation 9), in ft 3 /s, and Q x(r) is the regression estimate of peak discharge at the gaged site, for recurrence interval x (equations 2-8), in ft 3 /s. R w is then used to determine the correction factor R c for the ungaged site. The following equation derived by Sauer (1974a) gives the correction factor R c , for an ungaged site that is near a gaged site on the same stream, (11) where ∆A is the difference between the drainage areas of the gaged and ungaged sites, and A g is the drainage area of the gaged site.
The regression estimate, Q x(r) , for the ungaged site is multiplied by the correction factor R c to improve the estimate by using nearby station data. An example of this technique is presented in "Examples of techniques." If the drainage area of the ungaged site is 50 percent more than or less than that of the gaged site (that is, ∆A/A g is greater than 0.5) equation 9 should not be used and the regression equations 2-8 should be used without adjustment.
If the drainage area of the ungaged site is within 50 percent of two gaged sites, the frequency calculations for the ungaged site can be made by interpolation of the weighted station values (Q x(w) ) for each gaged site. Interpolation should be on the basis of drainage area.
If the flood discharges for the ungaged site are affected by urbanization, they should be modified by techniques given in the following section "Adjustment for ungaged sites on urban streams."
Adjustment for Ungaged Sites on Urban Streams
For estimating flood magnitude and frequency for ungaged sites on urban streams, the percentage of the basin impervious and the percentage of the basin served by storm sewers is required in addition to the variables needed for ungaged sites on natural unregulated streams. The percentage of the basin that is impervious can be determined from aerial photographs, recent USGS topographic maps, or field surveys. The percentage of the basin served by storm sewers should be determined from the best available storm sewer and drainage map.
After determining the percentages of the basin impervious and served by storm sewers, obtain R L , the urban adjustment factor, from figure 4 (Leopold, 1968). The urban adjustment factor, R L , is the ratio of the mean annual flood under urban conditions to that under rural conditions. The following equations computed by Sauer (1974b) can be used to adjust estimates from equations 2-8 to urban conditions: 
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where Q x(u) = the adjusted regression estimate of peak discharge for ungaged sites on urban streams, for recurrence interval x, in ft 3 /s, R L = urban adjustment factor ( fig. 4) , and Q x(r) = the regression estimate of peak discharge for ungaged sites on natural unregulated streams, for recurrence interval x (equations 2-8), in ft 3 /s. A nationwide seven-parameter urban adjustment equation set is presented in Jennings and others (1994). These may be compared to or used instead of the above Oklahoma equations.
Adjustment for Ungaged Sites on Streams Regulated by Floodwater Retarding Structures
When estimating flood magnitude and frequency in basins regulated by floodwater retarding structures, an adjustment should be made. The regression estimate of peak discharge for ungaged sites on regulated streams, or F x(r) , for recurrence interval x, can be computed from equations 2-8 by substituting the drainage area of the unregulated portion of the basin or drainage area below the floodwater retarding structures, A u , for A. A complete discussion of the analysis can be seen in Tortorelli and Bergman (1985). Slope was not considered in the Tortorelli and Bergman (1985) analysis. It is suggested that the mainchannel slope for the entire basin be used for a conservative answer (this will give a larger value than using main-channel slope below floodwater retarding structures only).
If there are floodwater retarding structures regulating less than 86 percent of the basin, use the following equations to adjust the regression estimate of peak discharge of ungaged sites on natural unregulated streams: where F x(r) = the regression peak discharge estimate adjusted for floodwater retarding structures, for recurrence interval x, in ft 3 /s, A u = the contributing drainage area of the unregulated portion of the basin or drainage area below the floodwater retarding structures, in mi 2 , S = the main-channel slope, measured at the points that are 10 percent and 85 percent of the main-channel length between the study site and the drainage divide, in ft/mi, and P = the point mean-annual precipitation at the study site, for the period 1961-90, in in. (fig. 3) .
The adjusted equations can be used when the percent of regulated drainage area is not greater than 86 percent of the basin, which is the upper limit of the range of regulated data used to check the validity of the adjustment (Tortorelli and Bergman, 1985) . When the percent of regulated drainage area is greater than 86 percent of the basin, it is suggested that flow routing techniques, such as outlined in Chow and others (1988), be used.
Examples of techniques
The following sections contain specific examples of the application techniques previously described. The concept of the main-channel slope, defined at the 10 and 85 percent points between the site of interest and the drainage divide in ft/mi, may be new to some readers. Because main-channel slope is used in all the regression equations, an example calculation of mainchannel slope on a hypothetical drainage basin is presented in figure 5 .
Weighted Peak-Streamflow Frequency Estimates for Gaged Sites on Natural Unregulated Streams
The following example illustrates how a weighted estimate is calculated for a gaged site on a natural unregulated stream and how to apply equations 2-8. The example computation is for Turkey Creek near Drummond, Okla., (07159000) and the results are presented in table 5.
The columns Q x(s) and N indicate the computed peakstreamflow frequency relations derived from the 27 years of record at station 07159000 (site 55, table 1). The values in the column labeled Q x(r) were estimated using equations 2-8 and the following basin and climatic characteristics (table 1) The Q x(r) values computed from equations 2-8 are presented in table 5. The weighted estimates, Q x(w) were computed from equation 9 using the appropriate values of E from table 4.
Peak-Streamflow Frequency Estimates for Ungaged Sites Near Gaged Sites on Natural Unregulated Streams
The second example illustrates how to adjust a weighted estimate calculated for a gaged site on a natural unregulated stream for an ungaged site on the same stream. Assume an estimate of the 100-year flood is needed at an ungaged site upstream from station 07159000 on Turkey Creek (table 5) Q 100 = Q 100(r) (R c ) = 26,900 (1.04) = 28,000 ft 3 /s Therefore, the estimate of the 100-year flood at the ungaged site on Turkey Creek is 28,000 ft 3 /s after the regression estimate is adjusted for the station data at station 07159000.
Adjustment for Ungaged Sites on urban Streams
For the third example, assume there is an ungaged site on a hypothetical urban stream and an estimate of Q 100 is needed under urban conditions. Assume the basin is 60 percent impervious and that 75 percent of the basin is served by storm sewers. The following data and calculations are needed to estimate Q 100(u) for this hypothetical urban site: A = 22.5 mi 2 S = 15.00 ft/mi P = 30.0 in. Q 100(r) = 9,100 ft 3 /s, from equation 7 (rural conditions)
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Q 2(r) = 1,000 ft 3 /s, from equation 2 (rural conditions) R L = 4.0, from figure 4 Q 100(u) = 12,700 ft 3 /s, from equation 17 (urban conditions) Therefore, the estimate of the 100-year flood under urban conditions for this ungaged watershed is 12,700 ft 3 /s. This is an increase of 40 percent over the 100-year flood for rural conditions.
Adjustment for Ungaged Sites on Streams Regulated by Floodwater Retarding Structures
The fourth example illustrates how a peak-streamflow estimate is calculated for an ungaged site on a stream regulated by floodwater retarding structures. Assume an estimate of the Q 100 is needed for an ungaged site on Uncle John Creek in Kingfisher County regulated by floodwater retarding structures.
To obtain the regression flood-frequency estimate for an ungaged site on a stream regulated by floodwater retarding structures, 
Summary
Statewide regression equations for Oklahoma were determined to estimate peak discharge and frequency of floods for selected recurrence intervals from 2 to 500 years. The most significant independent variables required to estimate peakstreamflow frequency for natural streams in Oklahoma are contributing drainage area, main-channel slope, and mean-annual precipitation. The regression equations are applicable for watersheds with drainage areas less than 2,510 square miles that are not significantly affected by regulation from manmade works.
Limitations on the use of the regression relations and the reliability of regression estimates for natural unregulated streams are given. Log-Pearson Type III analysis information, basin and climatic characteristics, and the peak-streamflow frequency estimates for 251 gaging stations in Oklahoma and adjacent states are listed.
Mean-annual precipitation proved to be very significant as a predictor parameter in past analyses. Therefore, an updated data set was used because the values in the USGS basin characteristics file are based on the period 1931-60. A nationwide data set grid based on the period 1961-90 was obtained. The cell size is 2.5 minutes of latitude and longitude (about 3X3 mi in Oklahoma). A map of mean-annual precipitation was drawn from these data. These data enabled the testing of both a point (at the gage site) and an area-weighted value for mean-annual precipitation. The area-weighted data did not increase the accuracy of the regression equations significantly.
Techniques are presented to make a peak-streamflow frequency estimate for gaged sites on natural unregulated streams and to use this result to estimate a nearby ungaged site on the same stream. For ungaged sites on urban streams, an adjustment of the statewide regression equations for natural unregulated streams can be used to estimate peak-streamflow frequency. For ungaged sites on streams regulated by small floodwater retarding structures, an adjustment of the statewide regression equations for natural unregulated streams can be used to estimate peak-streamflow frequency. The statewide regression equations are adjusted by substituting the drainage area below the floodwater retarding structures, or drainage area that represents the percentage of the unregulated basin, in the contributing drainage area parameter to obtain peak-streamflow frequency estimates. 
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